e used a rat model in vivo to study the effects of the concentration of polyethylene particles on the bone-implant interface around stable implants in the proximal tibia. Intra-articular injections of 10 4 , 10 6 or 10 8 high-density polyethylene (HDPE) particles per joint were given 8, 10 and 12 weeks after surgery. The animals were killed after 14 and 26 weeks and the response at the interface determined. Fibrous tissue was seen at the bone-implant interface when the head of the implant was flush with the top of the tibia but not when it was sunk below the tibial plateau. In the latter case the implant was completely surrounded by a shell of bone. The area of fibrous tissue and that of the gap between the implant and bone was related to the concentration of particles in the 14-week group (p < 0.05).
Bone resorption associated with wear debris is part of the pathogenesis of aseptic loosening. Fibrous inflammatory tissue containing high concentrations of particulate polyethylene wear debris is frequently seen. 1 The bone resorption may be regulated by complex interactions between cytokines, prostanoids and cells, producing a variety of responses. 2, 3 The chronic local inflammatory reaction in synovial tissue and the membrane of the bone-implant interface is mediated by macrophages and foreign-body multinucleated giant cells. 4 Evidence from clinical studies suggests that the composition, size, shape and concentration 5 of polyethylene wear particles are important in determining the type and magnitude of the osteolytic response.
Osteoclasts are thought to be mainly responsible for altered remodelling of bone around the implant resulting in resorption and loosening. There is also evidence that the macrophages recruited during the chronic inflammatory response may differentiate into bone-resorbing cells. 6 In addition, the ability of osteoblasts to replace bone may be impaired. 7, 8 The early models which were used to investigate this phenomenon were limited as they involved the injection of wear debris into healthy, intact, joints. [9] [10] [11] [12] Investigations using an implanted prosthesis are similar to the clinical situation and may provide greater information. Several in vivo models of aseptic loosening have a boneimplant interface which can be studied. In an earlier model a polymethylmethacrylate plug was implanted into the distal femur in the rat allowing intra-articular injections of high-density polyethylene (HDPE) to be used. 13 Injections of polyethylene particles induced a chronic inflammatory response with bone resorption at the cement-bone interface.
The most significant limitations of this model were that the implanted plug tended to migrate so that it became isolated from the joint and was not subject to movement caused in mechanical loading or the fluid pressure in the joint. The question as to whether movement is a key factor in the process of aseptic loosening has been addressed in more recent studies. In vivo studies in the rat 14 and rabbit 15 have
shown that micromovement may have an important role in the formation of a fibrous membrane and that HDPE particles are important in maintaining its presence. In a canine model using an uncemented total hip arthroplasty 16 there was an increase in macrophages and the release of cytokines in the periprosthetic membrane in response to particles and movement. Movement may also enhance the migration of particulates around the bone-implant interface allowing particles to move around the stem of the implant. 17 To address these factors an animal model using a ceramic pin implanted into the proximal tibia of the rat was developed by Allen et al. 18 We have used this model to investigate the effect of the concentration of wear particles on the bone-implant interface.
Materials and Methods
We randomly allocated 48 adult male Sprague-Dawley rats (Harlan UK Ltd, Bicester, UK) weighing from 270 to 390 g into four groups (n = 12). Aluminium oxide pins (Precision Ceramics, Birmingham, UK) were implanted into the right tibia of each animal according to the method of Allen et al, 18 and the wound was allowed to heal. Longitudinal sections, 200 m thick, were cut through the bone and the length of the pin using a diamond saw (Accutom 5; Struers, Glasgow, UK) and sections were ground on a 40 m diamond grinding pad and polished using 6 m and 1 m diamond paste. Histomorphometry. The sections were washed in methanol and surface-stained using 0.25% w/v Toluidine Blue at pH 9 at 56° C for 30 minutes so that structures in the surface of the section were made visible. Histomorphometry was carried out on a single section from each animal using image analysis (PC Image; Synoptics, Cambridge, UK) without previous knowledge of the concentration of particles given or the time of killing. The total area of the gaps between pin and bone, including any fibrous tissue, was measured around each pin. The interface around which lesions can occur with a pin which lies flush with the tibial plateau ( Fig. 1a) is greater than that around a pin head which protrudes (Fig. 1b) . To correct for the variable positioning of the head of the pin, we have also analysed the results as the total area of gap and fibrous tissue divided by the length of the interface below the level of the tibial plateau. In six animals three sequential sections were cut through the pin and the gap measured in each to assess the reproducibility of this measurement in adjacent sections. The coefficient of variation was 26.2% (SD/mean ϫ100). Enzyme histochemistry. Sections were ground to 100 ± 20 m using a Biothin sectioning device (Buehler, Coventry, UK) but were not polished. Resin was removed using acetone and sections were rehydrated through a series of graded alcohol solutions. They were stained for alkaline phosphatase and tartrate-resistant acid phosphatase (TRAP) using previously published methods 19 (all reagents were purchased from Sigma). Staining for alkaline phosphatase was achieved using ␣-naphthyl acid phosphate and the diasotised coupling reagent Fast Blue BB at 37°C. A number of sections were treated with the alkaline phosphatase inhibitor levamisole (5 mM) to provide a negative control. Staining for TRAP used naphthol AS-BI phosphate in the presence of 10 mM sodium tartrate at 37°C. The reaction was stopped with 50 mM sodium fluoride and the sections post coupled to Fast Garnet GBC at 4°C. A range of reaction times at 37°C was tested for both enzymes to obtain optimum colour development which was found to be ten minutes for alkaline phosphatase and seven minutes for TRAP. All stained sections were mounted on glass slides using Aquamount (Merck Ltd, Lutterworth, UK) and coverslips sealed with nail varnish.
Results
The animals used both hind limbs normally and the external appearance and movement of the operated joint were normal at the time of killing. Dissection showed clear differences between the operated and contralateral joints in that the former had a variable amount of fibrous tissue in the joint capsule. Animals given 10 8 particles per injection showed the presence of occasional small cream-coloured lumps which contained polyethylene particles in the connective tissue around and within the capsule.
There was variable positioning of the head of the pin in relation to the tibial plateau. Some pins were flush with the surface while others showed a variable degree of protrusion of the ceramic head and in two animals the head had sunk below the tibial plateau and was not visible. Sections stained with Toluidine Blue confirmed the variable placement of the head of the pin in relation to the tibial surface. The pins which had sunk below the tibial plateau were completely surrounded by bone (Fig. 2) and the mean area of the gap at the interface was 0.094 mm 2 , compared with 1.22 ± 0.78 mm 2 for pins matched for particle concentration and time of retrieval. Measurements on sunken pins were excluded from the assessment of the effect of the concentration of HDPE particles because the pins were not exposed to the joint space. In addition, one pin in the 14-week group given 10 6 particles per injection was excluded because the specimen had been lost during processing. In 16 of the 48 animals there was damage to the articular surface of the femoral condyles because of protrusion of the head of the pin above the tibial plateau. This did not affect the area of the gap between the implant and bone which was 1. One pin in the 14-week, high-particle concentration (10 8 ) group showed a large area of fibrous tissue containing HDPE particles along the whole length of the pin, the area of which was in excess of that seen in any other specimen. To allow us to perform linear regression analysis, the results from this section were removed to produce normally distributed data (Fig. 3) , but there remained a significant increase in the area of the gap surrounding the pin with increasing concentration of particles in the 14-week group (p = 0.026, R 2 = 0.235). There was no significant difference between the groups in the 26-week animals (p = 0.692, R 2 = 0.008, Fig. 4) . Analysis of the data taking into account the variable positioning of the pin in relation to the tibial plateau did not alter these results. Most of the fibrous tissue and gaps between the pin and bone were seen around and directly below the head of the pin while the shaft was usually surrounded by a shell of bone with little fibrous tissue (Fig. 5) . In some sections, however, gaps were seen further down the shaft (Fig. 6 ). These lesions were evident both in the presence and absence of particles and there was no histological sign of infection in any section.
Histological examination of the sections showed high concentrations of HDPE particles in the connective fibrous tissue and the marrow space adjacent to and around the implanted pin in animals injected with 10 8 particles (Fig.   7 ). Occasional particles were observed in tissues injected with 10 6 particles and no particles were seen at 10 4 particles per injection. In some cases HDPE particles had migrated some distance along the side of the pin. Areas containing a large number of HDPE particles were visible under 597 
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Fig . 2 Section of a pin which had sunk below the surface of the tibial plateau and become encased in bone (Toluidine Blue ϫ14).
Fig. 3
Area of the gap between implant and bone plotted against the number of particles injected for animals killed at 14 weeks. Area of the gap between implant and bone plotted against the number of particles injected for animals killed at 26 weeks. polarised light microscopy in the group with 10 8 particles.
These appeared as mature foreign-body granulomas characterised by mononuclear cells which had phagocytosed large numbers of particles (Fig. 8) . The sites were often encapsulated by mature fibrous tissue isolating particles and mononuclear cells from the surrounding bone (Fig. 7) . Fibrous tissue present in animals injected with 10 8 particles appeared to be less dense and more highly vascularised than the corresponding tissue in the control animals which consisted of a high density of darkly-stained connective tissue with no evidence of mononuclear cells. In specimens both with and without particles some areas of the interface between the bone and fibrous tissue had a scalloped appearance (Fig. 9) , although this was not always associated with TRAP activity. The latter, together with alkaline phosphatase activity (Figs 10 and 11) , was localised in some areas of the interface between the fibrous tissue and bone and predominantly found below the head and at the top of the shaft of the pin. There was no difference in the expression of TRAP and alkaline phosphatase in the periprosthetic membrane of limbs injected with saline and those injected with 10 8 HDPE particles.
Discussion
This study was designed to examine the effects of particulate concentration on the osteolytic response and the nature of changes occurring at the bone-implant interface. At low concentrations of particles no difference in the morphology of bone or the fibrous tissue occurred compared with that seen in saline-injected control animals. In tibial sections from joints injected with 10 8 particles, foreign-body granulomas comprising fibrous tissue surrounding mononuclear cells which had phagocytosed large numbers of particles were present between the implant and bone. This appearance mimics that occurring in tissues around failed prostheses and it is concluded that 10 8 particles per injection is the minimum concentration necessary to Interface from a pin from an animal injected with 10 4 particles taken at 26 weeks which had gaps between the implant and bone at positions down the length of the shaft of the pin (Toluidine Blue ϫ56).
Fig. 7
Section showing an area around the neck of pin from an animal injected with 10 8 particles. High concentrations of phagocytosed HDPE particles were present within mononuclear cells (A). These areas were surrounded by fibrous tissue (B) (Toluidine Blue ϫ150). model the clinical situation. The finding that HDPE particles were present in fibrous tissue around the shaft of the pin and in marrow spaces of the metaphysis, indicates that significant migration of particles occurred from their site of injection. The movement of synovial fluid through spaces at the interface of the implant is likely to have contributed to this, as is known to occur clinically. 17 Although foreignbody giant cells were not observed, intracellular particles of HDPE were found in mononuclear cells and were associated with increased vascularity of the surrounding tissue. This response is similar to that observed clinically, in which the interface membrane has been described as neovascularised fibrous tissue 20 with infiltration by foreign-body giant cells and macrophages. 1 The two pins which had sunk below the surface of the tibial plateau became completely surrounded by a shell of bone with little, or no, gap adjacent to the pin. Gaps containing fibrous tissue were present in all other specimens. These results indicate that mechanical factors are involved in either the deposition of fibrous tissue around the neck of the pin or in its maintenance. Movement of the pin because of articulation with the femoral surface may be a factor. This would be in agreement with the finding of Aspenberg and Herbertsson 14 who demonstrated the formation of a periprosthetic fibrous membrane by application of sliding movement at a bone-implant interface. Fluid pressure throughout the effective joint space may also be involved in preventing good apposition of bone to the implant and promoting the formation of fibrous tissue. Evidence for this mechanism has been provided recently using a rabbit model. 21 There was a significant positive association between the concentration of HDPE particles injected and the area of the gap between the implant and bone at 14 weeks but not at 26 weeks. Clinical studies have shown a strong correlation between the presence of particles in periprosthetic membranes and aseptic loosening 22 and also between the concentration of particles and areas of osteolysis.
5
There are several possible reasons for the lack of an association between the concentration of particles and the area of the gap in the 26-week group. Removal of particles may be an important factor. The 14-week group were killed only two weeks after the last injection of particles, whereas the 26-week group were alive for 14 weeks after the final injection. It is known that particles are transported away from the tissues around prostheses and may be found within distant lymph nodes. 23 Thus the number of particles around the 26-week implants may be gradually declining, allowing defects to heal. The clinical situation is more likely to be reflected by the 14-week group with recent increases in particle load. In a recently reported rat model osteolytic lesions developed around a femoral wire implant when HDPE particles were infused continuously. 24 Encapsulation of the granulomas by fibrous tissue may also serve to lessen the osteolytic effects of particles on the bone surface and allow remodelling to replace some of the lost bone. The size of the particle and the morphology may be critically important and the HDPE particles used in our Border between periprosthetic fibrous tissue and bone displaying scalloped edge (Toluidine Blue ϫ225). Cells stained for alkaline phosphatase (black) along the edge of fibrous tissue containing a large number of particles (ϫ150). study are not strictly representative of wear particles identified as being important clinically. Ultra-high molecularweight polyethylene (UHMWPE) is used in implants and its particles are commonly associated with the pathogenesis of aseptic loosening. The diameter of the particles used in our study (4.5 m) is inconsistent with the size of most particles found clinically (0.40 m to 1.15 m) 5 and there is evidence from in vitro studies that submicron UHMWPE particles produce greater proinflammatory release of cytokines from human monocytes than larger phagocytosable particles. 25 Retrieved submicron UHMWPE particles are also often irregular in shape which is also thought to have an effect at the cellular level. 5 Since the particles clinically are both smaller and present in higher concentrations in periprosthetic tissue, the response may be greater at comparably high particle concentrations. Studies in vivo have used UHMWPE from hip simulators to produce UHMWPE particles similar in size and appearance to those found in periprosthetic tissues 26 and smaller than those used in our study. Formation of bone was inhibited by UHMWPE produced in this way when these particles were placed in an intramedullary defect beneath a PMMA plug. Thus the response in our study may not be as great as it may have been with smaller particles. In summary, our study has shown the ability to imitate the pathology seen around a prosthesis in response to wear particles, has determined the minimum concentration of particles necessary to produce this, and indicated that the endpoint should not be more than two weeks after the last injection of particles. The model is capable of providing valuable information regarding the pathogenesis of prosthetic loosening.
